The objectives of this study were to evaluate the potential for using blood urea N concentration to predict urinary N excretion rate, and to develop a mathematical model to estimate important variables of N utilization for several different species of farm animals and for rats. Treatment means (n = 251) from 41 research publications were used to develop mathematical relationships. There was a strong linear relationship between blood urea N concentration (mg/100 mL) and rate of N excretion (gؒd −1 ؒkg BW −1 ) for all animal species investigated. The N clearance rate of the kidney (L of blood cleared of ureaؒd −1 ؒkg BW −1 ) was greater for pigs and rats than for herbivores (cattle, sheep, goats, horses). A model was developed to estimate parameters of N utilization. Driving variables for the model included blood urea N concentration (mg/100 mL), BW (kg), milk production rate (kg/d), and ADG (kg/ d), and response variables included urinary N excretion
Introduction
Nitrogen losses from agriculture to air and water are perceived to be a major global environmental problem (NRC, 2003) . Livestock farming is a significant source of reactive N in the environment. Of all the NH 3 and N 2 O released into the environment because of human activity, approximately 70 and 30%, respectively, are estimated to arise from livestock farming (van Aardenne et al., 2001) . The purpose of livestock farming is to convert the carbohydrates and proteins in animal feed to food sources for humans; however, only 5 to 30% of animal feed N usually meets this goal. The rest is excreted by animals and can escape into the environment.
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rate (g/d) , fecal N excretion rate (g/d), rate of N intake (g/d) , and N utilization efficiency (N in milk and gain per unit of N intake). Prediction errors varied widely depending on the variable and species of animal, with most of the variation attributed to study differences. Blood urea N concentration (mg/100 mL) can be used to predict relative differences in urinary N excretion rate (g/d) for animals of a similar type and stage of production within a study, but is less reliable across animal types or studies. Blood urea N concentration (mg/100 mL) can be further integrated with estimates of N digestibility (g/g) and N retention (g/d) to predict fecal N (g/d), N intake (g/d), and N utilization efficiency (grams of N in milk and meat per gram of N intake). Target values of blood urea N concentration (mg/100 mL) can be backcalculated from required dietary N (g/ d) and expected protein digestibility. Blood urea N can be used in various animal species to quantify N utilization and excretion rates.
The ability to estimate N excretion rate of animals might be used to minimize pollution as well as decrease the use of excess feed protein (NRC, 2003) . For example, accurate estimates of manure N production rate may improve models to predict farm-level losses of N, and improve planning for manure handling. In addition, plasma or blood urea N (BUN) concentration may be useful as an indicator of protein status within a group of animals, and could help to fine-tune diets or identify problems with a feeding program. Milk urea N concentration is used to predict N excretion in dairy cows (Jonker et al., 1998; Kohn et al., 2002) . Blood and plasma urea N concentration are proportional to milk urea N in dairy cows (Baker et al., 1995) and therefore may be useful as a predictor in much the same way. Differences in predictor values for various species may provide insight into differences in N utilization in these species.
Our first objective was to evaluate the potential for predicting urine N excretion rate (g/d) from BUN concentration (mg/100 mL) and BW (kg) for several domestic species. The second objective was to develop and 
Materials and Methods
Published research data (Table 1) on several animal species were examined for N measurements, specifically rate of N intake (g/d), urinary N excretion rate (g/ d), fecal N excretion rate (g/d), BUN concentration (mg/ 100 mL), and BW (kg). The species included beef and dairy cattle, goats, sheep, horses, pigs, and rats. Studies that included total urinary N excretion rate, BUN concentration, and BW or rate of N intake, fecal N excretion rate, and BW were included. Plasma urea N concentration was assumed to be equivalent to BUN concentration because urea diffuses freely into and out of blood cells. In some cases, fecal N excretion rate (g/d) was calculated from the reported apparent digestibility of protein (g/g) and intake N (g/d). The means (n = 251) from 41 research publications were analyzed. Table 2 provides a summary of the data. Statistics were performed using JMP v. 5 (SAS Inst., Inc., Cary, NC), using the approach recommended by St-Pierre (2001) as described below. Renal clearance rate is the rate at which blood is cleared completely of some substance by the kidney. The clearance rate of waste N (volume of blood cleared per unit time) was determined according to Swenson and Reece (1993) as:
where CR represents clearance rate (liters of blood cleared completely of urea per day), UN represents urinary N excretion rate (g/d), and BUN represents BUN concentration (g/L). Clearance rate was expressed as a fraction of BW because the animals used in the dataset varied in size. Kauffman and St-Pierre (2001) found that adjusting the coefficient to predict UN from milk urea N concentration with BW eliminated breed effects between Holsteins and Jerseys. We also considered expressing urinary N excretion rate as a fraction of metabolic BW (BW 0.75 ), but fits were not improved, so results are not shown. The following statistical model was used within species: UN/BW = mean + CR × BUN + study (random) + error where terms were as defined previously. Clearance rates were determined for all species as the regression coefficients for BUN. The intercept did not differ from zero for any species (BUN concentration = 0 implies urinary N excretion rate = 0) except cattle. Based on the physiology, we did not expect a significant intercept. Thus, the intercept was forced through zero for each species. Fecal N was predicted using the Lucas test to calculate true digestibility (grams of N absorbed per gram of N intake) and metabolic N (g/d) from apparent digestibility with changing N intake (Van Soest, 1994) . Apparent digestibility of N was defined by the equation:
where AD is apparent digestibility (g of N disappearance/g of intake N), NI is N intake (g/d), and FN is fecal N (g/d). True digestibility accounted for metabolic N as follows:
where TD is true digestibility (g of N digested/g of intake N), and M is metabolic fecal N (g/d). This equation was rearranged to yield:
where terms were as defined previously. To standardize the equation for animals of vastly different sizes, both sides were divided by metabolic BW in kilograms (BW 0.75 ). The NRC (1996) calculates maintenance N, which includes endogenous N as a function of BW 0.75 for beef cattle. In the present study, the parameters TD and M/BW 0.75 were determined as the slope and intercept from regression analysis for each species using the statistical model:
where terms were as defined for previous equations. The N retained per unit of ADG (g/kg) was also estimated by regression of grams of N retained against ADG in kilograms, with the intercept forced through 0 and study included as a random effect. This approach minimized the effect of animals growing at low rates of gain, where the N retained divided by ADG is highly unreliable.
There were limited data (109 means) that included all variables of interest for the same treatment means. When different model parameters are derived from different datasets and used together in a single prediction model, it is important that the relationships among variables are similar in both datasets. To evaluate whether data available for urea clearance rate estimates were equivalent to data available for digestibility estimates, additional statistical analyses were performed using only studies including all variables needed for both estimates, and these estimates were compared with those obtained by including all data (251 means) to make either estimate. Only results from the larger dataset are shown in tables, but other results are described when different.
Based on these estimates for urinary N excretion rate (g/d), true N digestibility (g/g), and N retention per unit of ADG (g/kg), the N intake (g/d), fecal N (g/d), and N utilization efficiency (g of N in milk and meat/g of N intake) were predicted as described in Table 3 . These estimates were derived from the definitions of apparent and true digestibility and N utilization efficiency. The N utilization efficiency also was determined directly as the sum of N retained (g/d) in milk and gain divided by N intake (g/d).
The accuracy of the model was evaluated by calculating the residuals (predicted − observed) for each observation (Bibby and Toutenburg, 1977) . The root mean square prediction error (RMSPE) is composed of mean bias and residual error and is defined as:
2 /number of samples)
For this study,
The mean of residuals was taken as the mean bias. The residual error, after accounting for mean bias, was computed by multiplying the standard deviation of residuals by √[(n − 1)/n] to correct for the loss of 1 df due to fitting the mean when determining the standard deviation. This correction is required for small sample sizes. The fraction of variance attributed to mean bias was calculated as the mean bias squared divided by the mean square prediction error, and the fraction attributed to remaining dispersion was residual error 2 /mean square prediction error. Mean square prediction error attributed to the study effect was estimated as the partial sum of squares for the study divided by the sum of all partial sums of squares and the error sum of squares. Most studies are designed to minimize variation within study by using similar animals or the same animals, but this practice increases the possibility that the sample does not represent a broad population, and therefore, samples for different studies are likely to vary more from each other than from within studies.
Results and Discussion

Nitrogen Clearance Rate
As expected, BUN concentration was linearly related to urinary N excretion rate for all species (Figure 1) . The intercept of regression was not different from zero for any species except cattle (P < 0.05). The estimated N clearance rates (L of blood cleared of Nؒd −1 ؒkg BW − 1 ) for each species are shown in Table 4 . Similar results (not shown) were obtained by directly calculating UN/ (BW × BUN), but using the regression approach puts greater weight on higher values. This weighting is desirable because the values in which the BUN is close to 0 are less repeatable and skew the clearance rate estimates. For all species except rats, similar results were obtained when only using the limited dataset that included studies that reported all variables of interest, including those for both digestibility and clearance rates. Clearance rate averaged 4.8 Lؒd −1 ؒkg BW −1 when using the complete dataset with all available data on rats (Table 4) . However, clearance rate was 12.6 Lؒd − 1 ؒkg BW −1 for the limited dataset that included only seven means from the two studies with complete data (including digestibility data) for rats. The seven means yielding steep slopes can be identified in Figure 1 for the rat data. Greater than 80% of the variance for random effects was attributed to studies for cattle, pigs, sheep, and rats (only one study was used for each of horses and goats), as shown in Table 4 . This substantial study effect reflects differences in age and breed of animals, treatments, and analysis procedures. The results show the consistent relationship between BUN concentration and urinary N excretion rate, and the general coefficients that could be used to estimate urinary N excretion rate from blood measurements. Although these relationships held across studies and species, the relative difference within a study can be more consistently estimated than the differences across studies.
Estimates of urinary N (UN) could be calculated as:
where CR represents the calculated clearance rates. For a 500-kg cow, with a BUN of 0.20 g/L, and clearance rate of 1.3 ( To test differences in N clearance rates among species, ANOVA was performed on the clearance rates determined as regression coefficients for each study when regressing UN/BW on BUN. Data were transformed by taking the natural logarithm because variances were not equal across all species. The Levene test (JMP, v. 5) showed that unequal variances before transformation were corrected by transformation. Clearance rates differed among species according to the ANOVA conducted on the regression coefficients for each study (P < 0.001). Student's t-tests revealed that the clearance rate for rats was higher than for all other species except pigs (P < 0.05), the clearance rates for pigs was higher (P < 0.05) than for sheep and goats, and others did not differ (P > 0.10). Figure 1 shows that clearance rates for rats were similar to those of pigs for two of three studies using rats. Dairy and beef cattle data were combined because the estimates were not different among types of cattle (regression slopes ± 2 × SE overlapped).
The lower clearance rates for herbivores as compared with the omnivorous species may have resulted from divergent needs for each species due to the diets they have adapted to consume. Herbivores benefit from recycling of N to the gut from the blood, and thereby can survive on low amounts of low-quality protein. Nitrogen recycled to the rumen can be used to support fermentation and synthesis of microbial protein, whereas N recycled to the hindgut supports fermentation processes that provide energy, but do not supply protein to the animal. Keeping urea in the blood would be advantageous for herbivores, making greater levels of N recycling to the gut possible. The omnivores, on the other hand, have a greater need to excrete N, which may become toxic to them. For all species, the blood urea concentrations were in the same range regardless of the quantity of protein consumed ( Table 2 ). The poorer fit of data to the regression lines within rat studies may have resulted from the use of completely randomized designs for rat studies rather than designs with treatments nested within animal as was the case for the other species.
Digestibility
True digestibility and metabolic fecal N are shown for each species in Table 5 and the relevant regression equations are shown in Figure 2 . For all species except rats, similar results also were obtained when only using studies that reported variables for both digestibility and clearance rates. When using all the data available for N digestibility in rats, the true digestibility was only 79% (Table 5) ; however, true digestibility was 99% for the seven means with complete data for rats. These differences for the limited vs. complete datasets for rats may be attributed to the small sample size in both cases. With both datasets, metabolic N was not significantly different from zero for rats. The lower magnitude of metabolic fecal N for pigs and rats may result from the lower amount of microbial residues in the feces and less complex system of protein and fiber digestion. High true digestibility of N and the large variance in digestibility reflect the diverse types of protein sources used in these studies, as well as the diverse types of animals. Use of mature forages for several studies with cattle resulted in decreased protein digestibility. The digestibility in Model by species: UN/BW = mean + CR × BUN + study(random) + error, where clearance rate estimate was calculated as the coefficient for BUN, intercept = 0; UN/BW = urinary N, gؒd these studies seems similar to that assumed by diet formulation recommendations (NRC, 1996 (NRC, , 2001 .
Nitrogen Retention
For species in which data were available, the N retention per kilogram BW was determined as shown in Table 6 . These values were slightly higher than reported using changes in carcass N. In those studies, retained N ranged from 14 to 16 g/kg for swine (Mahan and Shields, 1998 ) and 20 to 22 g/kg for beef cattle (Ferrell and Jenkins, 1998) . Retained N in balance studies, like the ones used in the present analysis, is determined by difference between N intake and output, so that losses, including volatilization of fecal or urinary N during collection, are considered part of the retention. Hence, these procedures may overestimate N retention compared with results from slaughter studies.
Nitrogen Utilization Predictions
The purpose of deriving these parameters was to determine the feasibility of using BUN and production data to estimate values of interest in modeling herd or flock N utilization, and whole-farm N losses. The mean excretion and efficiency predictions for each species, the RMSPE, and the components of variation in the error are shown in Table 7 . In this case, the coefficients reported in the previous tables were used to make estimates for all cases where data were available to evaluate the estimates. The RMSPE varied from 7 to 112% of the mean estimate for urinary N excretion rate, but most of this variation was attributed to study differences. The substantial mean bias for cattle resulted from forcing the intercept of the line through zero for the clearance rate estimate. There is no physiological reason to explain a significant intercept, and it was not significant for data from other species. Prediction errors for rate of N intake and fecal N excretion rate also were largely attributed to differences among studies. Substantial variation was attributed to mean bias in cases where the residual analysis could only use a small subset of the data that were used in model development. In essence, this effect was also a bias imposed by study differences. Because most of the error in predictions was attributed to study differences, the proposed model is likely to be a better tool to detect relative differences within studies with similar animals and diets, than to determine absolute estimates of N utilization. Much of the variation in predictions was due to imposed treatments that varied greatly in N digestibility to a degree that may exceed what would be observed on commercial farms. This study demonstrates the feasibility of using BUN concentration to predict N excretion rate for various domestic animals. With adequate estimates of N digestibility, one can also determine rate of N intake, fecal N excretion rate, and N utilization efficiency (grams of N in milk and gain per gram of N intake). A similar approach using milk urea N concentration was used to characterize herd N utilization and excretion on 450 commercial dairy farms (Jonker et al., 2002a) . By estimating the Table 3. c Number of study means.
urinary N excretion rate that is expected when feeding recommended quantities of protein, one can back-calculate target BUN concentrations for given production rates. This approach has been taken for milk urea N concentration (Jonker et al., 1999) , and farms that miss this target can be identified for assistance. An extension program using milk urea N concentration in this way was able to document changes in management resulting in decreased feed costs (Jonker et al., 2002b) .
Implications
Concentration of blood urea nitrogen was highly correlated with urinary nitrogen excretion rate. Blood samples may enable prediction of nitrogen excretion rate, and subsequently fecal nitrogen excretion rate, rate of nitrogen intake, and nitrogen utilization efficiency (nitrogen in milk and gain per nitrogen intake). Target blood urea nitrogen concentration can be calculated for different species for different production rates. Herbivorous species (cattle, sheep, goats, and horses) had lower nitrogen clearance rates than pigs and rats. Herbivores have adapted to conserving urea nitrogen for recycling to the gut, which may explain the lower nitrogen clearance rates.
